As light intensity increases in photoacoustic imaging, the saturation of optical absorption and the temperature dependence of the thermal expansion coefficient result in a measurable nonlinear dependence of the photoacoustic (PA) signal on the excitation pulse fluence. Here, under controlled conditions, we investigate the intensity-dependent photoacoustic signals from oxygenated and deoxygenated hemoglobin at varied optical wavelengths and molecular concentrations. The wavelength and concentration dependencies of the nonlinear PA spectrum are found to be significantly greater in oxygenated hemoglobin than in deoxygenated hemoglobin. These effects are further influenced by the hemoglobin concentration. These nonlinear phenomena provide insights into applications of photoacoustics, such as measurements of average inter-molecular distances on a nm scale or with a tuned selection of wavelengths, a more accurate quantitative PA tomography. Photoacoustic microscopy (PAM) is an effective in vivo functional and molecular imaging tool. In the PA phenomenon, light is absorbed by molecules and converted to heat. Subsequent thermoelastic expansion generates an acoustic wave, termed the PA wave.
1,2 Detection of PA waves sequentially excited at multiple optical wavelengths provides quantitative information about the concentrations of multiple chromophores such as oxygenated and deoxygenated hemoglobin molecules in red blood cells. Thus, the relative concentration and the oxygen saturation (sO 2 ) of hemoglobin can be extracted.
3-5 Generally, the amplitude of the PA signal is assumed to be linearly proportional to the excitation pulse fluence. However, as the excitation laser intensity increases, both the saturation of the optical absorption 6, 7 and the temperature dependence of thermal expansion [8] [9] [10] result in a measurable nonlinear dependence of the PA signal on the excitation pulse fluence. PA nonlinearity has recently been used in several applications such as quantifying picosecond absorption relaxation times with a nanosecond laser, 6 differentiating optical absorbers, 10 measuring oxygen saturation in vivo, 7 and performing label-free PA nanoscopy of biological structures having undetectable fluorescence. 11 In the presence of nonlinearity, quantitative PA measurements require a detailed analysis of the intensity-dependence of the PA signal, particularly for hemoglobin, the major intrinsic absorber in tissue for PA imaging. Based on thermal nonlinearity, analysis of the nonlinear PA signal from a single point source has been previously discussed. 8 However, the wavelengthand concentration-dependent effects of both optical saturation and thermal nonlinearity on the PA signals for multiple absorbers have not been reported. Here, we investigate nonlinear PA effects in oxygenated and deoxygenated hemoglobin using a PA spectrometer with a flat-top beam illumination, which effectively reduces uncertainty in our measurements that would otherwise arise from inhomogeneous spatial distribution of the optical fluence. In oxygenated whole blood, we show that the wavelength dependence of the nonlinear PA spectrum is significantly greater than in deoxygenated whole blood. Moreover, we show how the nonlinear PA spectrum of oxygenated lysed blood is affected by different concentrations of hemoglobin molecules.
Nonlinear PA effects arise from two major sources: nonlinear thermal expansion and optical absorption saturation. First, the thermal expansion coefficient, bðTÞ, depends on the temperature rise T above the equilibrium temperature, T 0 . When T is small, bðTÞ % b 1 þ b 2 T, where b 1 and b 2 are the first two coefficients in the Taylor expansion around T 0 . In the sample used in our system, the average inter particle distance (on the nm scale) is several orders of magnitude smaller than the acoustic wavelength, K (e.g., 49 lm for a 30 MHz transducer). Hence, the sample can be considered as acoustically homogenous. In addition, the laser pulse duration ($5 ns) is sufficiently shorter than the transducer response time (several tens of nanoseconds), and therefore, the photoacoustic excitation is in stress confinement within the acoustically defined resolution. In stress confinement, the initial volume-averaged temporal pressure rise, p 0 , centered atr 0 ¼ 0 within the acoustic voxel V, is approximated by 8, 12 
where j is the isothermal compressibility and V 0 is a volume of size smaller than the acoustic wavelength but much larger than the distance between of absorbers. The second major source of nonlinear PA effects is saturation of the optical absorption coefficient with increasing light intensity. 13 For flat-top beam illumination, whose intensity is constant in the lateral direction, the optical absorption coefficient of a homogenous sample within the laser beam can be expressed as a function of depth z and time t 
Here, l a0 ¼ r Á N is the unsaturated optical absorption coefficient (m À1 ), r is the absorption cross section, N is the number of absorbers per unit volume, Iðz; tÞ is the intensity of the light beam at depth z at time t, and I sat ¼ h=s r r is the saturation intensity of the absorbing molecule, where s r is the absorption relaxation time, h is the Planck's constant, and is the frequency.
Following Beer's Law, in the presence of optical absorption, the optical intensity attenuates with depth, z. However, when the transducer's bandwidth is sufficiently large, so that the characteristic acoustic wavelength, K (e.g., 49 lm) is smaller than the penetration depth (e.g., in our experiment, for oxygenated bovine hemoglobin at 11.5 g/dl concentration, 1=l a0 ffi 73 lm at 532 nm, and the scattering effect is negligible), Beer's Law attenuation has a negligible effect on the detected peak PA amplitude.
14 Thus, at the sample surface, within the acoustic voxel, the intensity is approximated as time-varying only. In other words, Iðz; tÞ % Ið0; tÞ, and consequently, according to Eq. (2), the absorption coefficient becomes l a ðz; tÞ % l a ð0; tÞ.
To calculate the effects of thermal nonlinearity and optical saturation on the PA signal, we considered the optical illumination in our experiments. The optical intensity at z ¼ 0 was presumed to have the following general form:
Here, E p is the pulse energy andf s ðrÞ is the normalized spatial function. For a flat-top beam illumination,f sr ð Þ ¼ 1 pR 2 rectðr 2R Þ, where R is the beam radius and rectðÁÞ is a rectangular function.f t ðtÞ is the normalized temporal function. For a Gaussian pulse,
, where s L is a parameter related to the FWHM of the pulse (FWHM ¼ 2 ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2 lnð2Þ p s L ). For a beam radius much larger than the acoustic wavelength, the intensity is considered to be constant in the lateral direction and Iðz ¼ 0;r; tÞ is reduced to Iðz ¼ 0; tÞ.
For weak saturation (i.e., Iðz ¼ 0; tÞ ( I sat ), the optical energy deposition (J/m 3 ) at the sample surface due to single photon absorption can be expanded in Taylor's series as
whereÎ ¼ IðtÞ=I sat . For an incident beam with a Gaussian pulse, Eq. (4) becomes
where
To evaluate the effect of thermal nonlinearity and optical saturation, we need to look at two different cases, namely, densely packed and loosely packed absorbers ( Fig. 1(a) ). In densely packed molecules, the thermal diffusion length,
where v is the thermal diffusivity, is small compared to the dimensions of the acoustically and optically defined voxel, and large compared to the distance between absorbing molecules. Hence, the photoacoustic excitation is in macroscopic but not microscopic thermal confinement. Consequently, the absorbing area can be approximated by a continuous medium with a smooth temperature distribution, and the local temperature rise, T, is given by
where g th is the percentage of deposited optical energy that is converted into heat, q denotes the mass density, and C p denotes the specific heat capacity at constant pressure. Thus, substituting Eqs. (6) and (5) into Eq. (1) yields
Here, the linear coefficient is c 1 ¼ Cg th l a0 , where C is the Grueneisen coefficient. For a flat-top spatial intensity profile and densely packed absorbers, the second-order coefficient as a function of the wavelength, k (referred to here as the nonlinear PA spectrum), becomes
where, C 1 and C 2 are constants proportional to b 1 and b 2 , respectively. The wavelength-dependent effects of thermal nonlinearity and optical saturation can be evaluated after the second-order coefficient, c 2 ðkÞ, is scaled by dividing by the square of the absorption cross section, r 2 ðkÞ. The first term in c 2 ðkÞ=r 2 ðkÞ is negative and related to optical saturation. It is proportional to the absorption relaxation time of the molecule, s r ðkÞ, and inversely proportional to the laser pulse width, s L ðkÞ. Both parameters are wavelength-dependent. The second term in the c 2 ðkÞ=r 2 ðkÞ is positive, related to the thermal nonlinearity, constant at all wavelengths, and proportional to N 2 . For loosely packed molecules, the thermal diffusion length, d th , is small compared to the distance between absorbing molecules (Fig. 1(a) ). Hence, the photoacoustic excitation is in both macroscopic and microscopic thermal confinement. While the influence of optical saturation in the acoustic volume is the same, the contribution of thermal nonlinearity to the nonlinear PA signal is different. The heat distribution around each absorbing molecule is not affected by presence of other molecules. Hence, the thermal nonlinearity term in Eq. (8) is proportional to N rather than to N 2 . When the optical saturation term in Eq. (8) 
To extract the linear and second-order coefficients in Eq. (7), we measured the PA spectrum as a function of the incident laser fluence, using a custom-built PA spectrometer (see Fig. 1(b) ). A Q-Switched Nd:YAG laser (Quantel, Inc.) with 3rd harmonic (355 nm) output pumps an OPO laser (BasiScan, Newport), which works at 10 Hz in the wavelength range of 410-1050 nm. In the wavelength range of interest (500-600 nm), the laser's pulse width (s FWHM ) varies linearly from 4.0 to 5.5 ns. The ultrasonic and optic coupling cube is made of a BK7 glass prism joined with a rhomboidal prism, with a layer of index-matching liquid between them. A sealed stainless steel sample cell with 10 mm inner diameter is attached to the rhomboidal prism. One milliliter of oxygenated or deoxygenated blood is deposited into the cell. The blood is temperature controlled and constantly stirred by a motor placed on top of the sample holder (not shown in Fig. 1(a) ). An engineered diffuser (PRC Photonics) provides a flat-top beam profile with 5%-10% uniformity within a 1.24 mm optical beam diameter at the sample cell surface (see Fig. 1(b) ). The photoacoustically generated ultrasonic signal is detected by an attached 30 MHz ultrasonic transducer (V213-BC-RM, Olympus). To measure the laser pulse energy, a small portion of the light is reflected to a pyroelectric detector (SPH-11, Spectrum Detector, Inc.), which is calibrated for a wide range of laser pulse energies (0.1-10.0 mJ) over the entire wavelength range (500-600 nm). The signals from the ultrasonic transducer and the pyroelectric detector are digitized using a 14 bit, 200 MHz digitizer (14200, Gage). To measure the PA spectrum, at each wavelength we averaged the peak-to-peak amplitude of the PA signal generated from the sample surface by ten consecutive laser excitation pulses. The PA spectrum was taken for different average incident laser fluence values, ranging from 3 to 330 mJ/cm 2 . The linear and second-order coefficients at each wavelength were extracted by fitting the averaged peak-to-peak amplitude of the PA signal from the sample surface as a function of the incident fluence to a 3rd order polynomial. Different concentrations of oxygenated lysed blood were prepared by mixing 2 ml of deionized water with different volumes (20 ll to 1280 ll) of oxygenated whole bovine blood (910-500, Quad Five). Deoxygenated whole blood was prepared by mixing bovine blood in a rotating flask with carbon dioxide for 4 h at 37 C. To first validate the linearity of our PA measurements at low average incident fluence (e.g., 17 mJ/cm 2 ), we compared the absorption spectrum of oxygenated lysed blood (0.07 mM of tetramer hemoglobin) measured by the PA spectrometer and a spectrophotometer (Cary-50, Agilent). For low PA laser excitation fluences, the correlation between the absorption spectra was high (R ¼ 0.998), and the sO 2 was calculated to be 98% (Fig. 2(a) ). As we increased the incident fluence, the PA spectrum deviated from the conventional absorption spectrum (Fig. 2(b) ). At the absorption peaks of oxygenated hemoglobin (540 nm and 578 nm), the PA signal dropped as much as 26% below its expected value (Fig. 2(c) ), and at other wavelengths (e.g., 560 nm), it rose as much as 13% above its expected value (Fig. 2(d) ). The extracted linear coefficient (Fig. 2(e) ) was proportional to the absorption spectrum with a correlation coefficient of 0.997. However, the extracted second-order coefficient (Fig.  2(f) ) had strong wavelength dependence, with negative values around the absorption peaks of oxygenated hemoglobin, where optical saturation dominates, and positive values around 560 nm, where thermal nonlinearity dominates.
The conventional and nonlinear PA spectra of whole blood are presented in Figs. 3(a)-3(d) . At low incident laser fluence, the measured PA spectrum correlated well with the theoretical absorption spectrum of deoxygenated whole blood (R ¼ 0.999) with sO 2 ¼ 8% (Fig. 3(a) ). A typical second-order coefficient of deoxygenated lysed blood is shown in Fig. 3(b) . To analyze the wavelength-dependent effects of optical saturation and thermal nonlinearity, we scaled the nonlinear PA spectra of deoxygenated and oxygenated whole blood by dividing by the square of their corresponding absorption cross sections (Figs. 3(c) and 3(d) ). For deoxygenated hemoglobin, the absorption relaxation time is short. 6, 7 Thus, optical saturation (the first term in Eq. (8) negligible, and the scaled second-order coefficient (Fig. 3(c) ) is mostly constant in wavelength, with a relatively slight drop (25%) around the absorption peak of deoxygenated whole blood at 560 nm. In oxygenated whole blood, the absorption relaxation time is much longer, particularly at the absorption peaks around 540 nm and 578 nm. Therefore, the scaled second-order coefficient of oxygenated whole blood (Fig. 3(d) ) has strong wavelength dependence, with minima at 540 nm and 578 nm. The positive peak at 560 nm suggests that for oxygenated hemoglobin, optical saturation at 560 nm is negligible, and thermal nonlinearity dominates.
To evaluate the concentration dependence of the nonlinear PA spectrum of oxygenated lysed blood, we extracted the scaled second-order coefficient at different concentrations (Fig. 3(e) ). At high concentrations, the increase in the scaled second-order coefficient can clearly be seen, particularly at 560 nm, where thermal nonlinearity dominates. The power of the concentration as a function of the average distance between molecules is presented in Fig. 3(f) . For oxyhemoglobin at 560 nm, optical saturation is negligible, and the 2nd order coefficient depends mostly on thermal nonlinearity. Thus, when the distance between the hemoglobin molecules is larger than the thermal diffusion length, c 2 at 560 nm is proportional to N. When the distance between the hemoglobin molecules is much smaller than the thermal diffusion length, c 2 at 560 nm is proportional to N 2 . In conclusion, using a custom-built PA spectrometer, we measured the intensity dependence of PA signals from oxygenated and deoxygenated hemoglobin at varied wavelengths, and extracted the nonlinear PA spectrum. For hemoglobin, the nonlinear PA spectrum has strong wavelength dependence. In particular, for oxygenated hemoglobin, the relatively long absorption relaxation time results in low saturation intensity, and therefore, the PA signal drops as much as 26% below its expected value at sufficiently high excitation intensities. This optical saturation effect dominates mostly around the absorption peaks at 540 nm and 578 nm. Previously, Steinke and Shepherd reported 15 that the absorption coefficient of oxygenated hemoglobin linearly drops with increasing temperature at 587 nm illumination. Specifically, for a temperature rise of 20 C, the absorption coefficient decreased by 4%. The temperature rise in our experiments (e.g., for 0.07 mM of oxygenated hemoglobin, Fig. 2(b) ) is $200 mK, which according to the work of Steinke and Shepard could account for a maximum change of 0.04% in the hemoglobin absorption coefficient. In addition, we show that the amount of thermal nonlinearity generated in the excitation volume is affected by the average distance between absorbing molecules, r, relative to the thermal diffusion length, d th . Thus, for shorter laser pulses, the thermal diffusion length decreases, and the contribution of the absorbers' concentration to the thermal nonlinearity term vanishes. This opens possibilities for measuring concentration of absorbing molecules in solution. Overall, understanding of these nonlinear phenomena provides insights into existing and future applications of photoacoustics. 6, 7, 9, 11 For example, careful selection of wavelengths and laser pulse durations can improve the accuracy of quantitative functional PAM by minimizing nonlinear effects. In other applications, one might desire to maximize the nonlinear effects.
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